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ABSTRACT

A new metal surface micromachining technology utilizing
3-D lithography, electroplating, and mechanical polishing has
been developed to fabricate arbitrary 3-D metal
microstructures as post-IC processes at low temperature
below 120°C. Using this technology, various highly-
suspended 3-D microstructures have been successfully
demonstrated for RF and microwave MEMS applications.
We have fabricated spiral inductors suspended 100um over
the substrate, coplanar waveguides suspended S0um over the
substrate, and complicated micro-coaxial lines which have
50um-suspended center signal lines surrounded by ground
shields of 100um in height.

L INTRODUCTION

As wireless telecommunication is gaining great
importance in emerging commercial markets, there have been
strong demands for high-performance, monolithic, low-cost
passive components in RF and microwave applications. This
leads that the MEMS technology has been also spotlighted in
the fields of RF and microwave applications as the MEMS
technology can give us an alternative technological option
providing advantages of remarkable reduction in substrate
coupling and ohmic loss. Various bulk and surface
micromachining technologies have been investigated so far to
achieve more than an order of magnitude improvement in
size, cost, and performance in the RF/microwave applications
[11-3].

From this perspective, metal surface micromachining has
been investigated using X-ray LIGA [4] and LIGA-like UV
technologies [5]-[8] during the last decade, as a technique to
build microstructures on the top of substrate. It consists of
fabrication of molds followed by electroplating. As a mold
for electroplating-guide, various materials have been
investigated, such as electron-beam-sensitive PMMA [4],
UV-sensitive polyimide [5], conventional positive thick
photoresist [6], [7], and epoxy-based negative thick
photoresist [8]. Among these, the conventional positive thick
photoresist is the most suitable one to use in terms of process
simplicity, process time, and compatibility. Instead of multi-
stacking 2-D molds and metal to fabricate 3-D
microstructures [9]-[11], there has been an approach to
realize 3-D photoresist molds directly in order to obtain 3-D
metal microstructures at once [12]. This method has been
applied to fabricate solenoid inductors [13]-[15]. Instead of

Fig. 1. Brief schematic presentation of the proposed 3-D metal surface
micromachining technology: (a) 3-D photoresist mold for a suspended spiral
inductor and (b) fabricated suspended spiral inductor.

polymer-based molds, a sacrificial metal mold has also been
reported [16] and applied to fabricate inductors [17], [18] and
transformers [19].

In this paper, we report a robust, versatile, and
manufacturable metal surface micromachining technology
based on the multi-exposure and single development (MESD)
method reported previously [12]. In this work, we have
developed a new fabrication process to improve the MESD
method, so that we can overcome the major drawback of the
previous approach (size limit in the suspended
microstructure), which makes its application fields very
limited, and we can build arbitrary shapes of highly-
suspended thick-metal microstructures.

II.  FABRICATION

The fabrication process is very simple: first, we make a 3-
D photoresist mold having arbitrarily-shaped upper recess
regions as shown in Fig. 1; second, fill both lower and upper
recess regions with metal; and finally remove the photoresist
molds. Fig. 1 also shows the cross-sectional area which is
used to explain the process flow shown in Fig. 2. In Fig. 2,
the process starts with a substrate on which the bottom seed
metal (Ti/Cu) is deposited. The bottom Cu electrode is then
formed by the conventional lithography with a thick
photoresist followed by electroplating. After removing the
photoresist, another thick photoresist (usually over 50um in
thickness) is spun on the wafer, as shown in Fig. 2a. After the
two-step UV exposure with two different photomasks and
exposure times, single-step development reveals the 3-D
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Fig. 2. Fabrication process flow of the proposed method.

photoresist mold as shown in Fig. 2b. The typical MESD
process conditions can be found in [13].

Once the 3-D photoresist mold is fabricated, the lower
recess region is filled with the electroplated metal to form the
posts in Fig. 2c. The Cu electroplating solution used in this
work has been reported in [13]. Since the post electroplating
is done filling upward from the bottom of the lower recess
region, we can obtain fully-filled, robust posts. After the post
electroplating, the surface is covered by another seed metal
(Cu) as shown in Fig. 2d. To make it sure that the next
electroplating occurs only in the upper recess regions, as
shown in Fig. 2f, the topmost seed metal is removed at the
step in Fig. 2e. The dashed line shown in Fig. 2d indicates the
boundary to which the mechanical polishing is done. We
successfully used mechanical polishing in removing the
topmost seed metal.

Next, another electroplating is performed to fill the upper
recess regions with metal as shown in Fig. 2f. Since all 2nd
seed metal in the upper recess regions are electrically
connected to the bottom seed metal through the metal posts,
all the upper recess regions are simultaneously filled during
the electroplating. This makes it possible to obtain longer and
arbitrarily-shaped  suspended structures. Finally, the
sacrificial 3-D photoresist mold is removed in acetone and
the bottom seed metal is etched for electrical isolation
between devices. The final suspended microstructure is
shown in Fig. 1b and Fig. 2g.

III. RESULTS AND DISCUSSION
Fig. 3 shows the SEM photographs of the 3-D photoresist

mold fabricated by the new MESD method. The shallow-
exposure depth has been controlled by exposure time
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Fig. 3. SEM photographs of the 3-D photoresist mold fabricated by the
proposed MESD method: (a) cross-sectional view showing dual intermediate
levels within a single-layer photoresist and (b) perspective view showing
very smooth intermediate-level surface of the single-layer photoresist.

utilizing the characteristics that the development is held up
(saturated) at a certain but well-predictable depth in the
photoresist when the exposure is insufficient [13]. Although
we have utilized only single intermediate level within the
photoresist as shown in Fig. 2b, Fig. 3a shows that we can
obtain dual intermediate levels within the photoresist by
utilizing the overlapped exposure. The relevant photomasks
has been shown in the figure as well. This may increase the
3-D versatility of this technology for obtaining more
complicated microstructures. As can be seen in Fig. 3b, the
surface of the intermediate level within the single-layer
photoresist was very smooth.

The polished surface of the topmost photoresist has to be
well controlled. In Fig. 4, the top surface of the photoresist
has remained in a good shape after polishing the 2nd seed
metal layer. No residue of the 2nd seed metal has been
observed, no surface photoresist structure has been damaged,
and the 2nd seed metal on the bottom of the upper recess
regions has remained well.

Fig. 5 demonstrates the fabricated solenoid structure with
very long bridges, which clearly could not be made by the
original MESD process [13]. Also, the robust post structure
can be made by the reason as described in the corresponding
process step. Note that, owing to the excellent planarization
capability of the photoresist mold, we cannot observe any
marks of the bottom electrodes imprinted onto the upper
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Fig. 4. Optical photograph of the polished photoresist surface taken after the ~ Fig. 5. SEM microphotographs of the fabricated solenoid structures: (a)
topmost 2nd seed metal has been removed by the mechanical polishing. bird’s view, (b) magnified view of the post structure.
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Fig. 6. SEM photographs of the fabricated 3-D microstructures: (a) a spiral inductor suspended by 100um over the substrate supported on two signal posts, (b)
a vertical solenoid inductor, (c) coplanar transmission lines, and (d) a micro-coaxial transmission line with inclined shields.
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suspended electrodes, which also was not the case in [16].

Fig. 6 shows the SEM photographs of the various
inductors and transmission lines fabricated by using the
proposed technology. From all the structures in Fig. 6, one
can see that they have been easily shaped in many variations
and suspended flat, due to the excellent planarization
capability of the sacrificial photoresist mold. The flat
suspended lines also indicate no internal stress gradient
residing in the electroplated metal structures. In Fig. 6, we
have demonstrated spiral inductors suspended 100um over
the substrate, coplanar waveguides suspended S0um over the
substrate, and complicated micro-coaxial lines which have
50um-suspended center signal lines surrounded by inclined
ground shields of 100um in height. The RF performance of
the suspended inductors fabricated by this technology has
been submitted as a separate report [20]. All the multi-level
microstructures in Fig. 6a through Fig. 6d have been made by
a repetition of the fundamental process shown in Fig. 2. This
demonstrates that our technology is versatile to construct
multi-level, fairly-complicated microstructures, such as the 3-
D micro-coaxial line in Fig. 6d.

We have obtained the whole process yield of over 90%
among 4,000 inductors fabricated on a 4-inch wafer in our
university fabrication facility, which makes the technology
fairly manufacturable. All the process temperature has been
below 120°C, which makes it possible to integrate our
surface-micromachined passive components onto the wafer
that has finished the IC process.

IV. CONCLUSIONS

The new thick-metal surface micromachining technology
has been developed with strong emphasis on structural
robustness, versatility and reliability, and CMOS-
compatibility and process manufacturability. This new
process has several advantages: (1) thick sacrificial layers
(>100um) can be easily fabricated and removed; (2) highly-
suspended microstructures can be fabricated uniformly and
reproducibly; (3) flat top-layer microstructures can be
fabricated; (4) the post can be constructed robust. This
technology is believed to serve as a versatile, robust, and
manufacturable tool to implement various 3-D
microstructures as well as high-performance RF and
Microwave MEMS components.
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